Abstract Amazonian deforestation is causing notable changes in the hydrological cycle by altering important precipitation characteristics. This study uses daily rainfall time series data from 112 rain gauges and a recent yearly 1-km land use data set covering the period from 1974 to 2012 to evaluate the effects of the extent of deforestation at different spatial scales on the onset of the rainy season and on the duration of dry spells in southern Amazonia. Correlation analyses indicate a delay in the onset of 0.12-0.17 days per percent increase in deforestation. Analysis of cumulative probability density functions emphasizes that the likelihood of rainy season onset occurring earlier than normal decreases as the local deforestation fraction increases. In addition, the probability of occurrence of dry spells in the early and late rainy season is higher in areas with greater deforestation. The delayed onset and longer dry spell events in highly deforested areas increase the climate risk to agriculture in the region.
Introduction
The Brazilian economic model of land use and exploitation of natural resources, characterized by the expansion of agricultural lands, predatory exploitation of timber, and accelerated urbanization, has caused great devastation to the Amazon biome, beginning around the end of the 1970s and continuing to the present.
Deforestation modifies some land surface properties that can affect both the amount and the partitioning of available energy on the surface. Forest removal increases the surface albedo and reduces the available net surface radiation. Furthermore, deforestation changes the partitioning of net radiation into latent and sensible heat flux by reducing surface roughness, leaf area index, and root depth. When compared to forested sites, deforested areas have higher albedo (18% compared to 13%; Culf et al., 1996) , lower soil moisture storage capacity (because grasses have shallow root systems), and drier soils, all of which contribute to decreasing the latent heat flux. Cleared land may have a latent heat flux 30% lower than that of forested land (Gash & Nobre, 1997) , and this means that stronger moisture transport and deeper convection are needed to trigger rainfall. In addition, reduced surface roughness decreases atmospheric turbulence and weakens vertical motion (Khanna & Medvigy, 2014) .
In a region where precipitation is mainly convective (Marengo, 1995a (Marengo, , 1995b , these changes in land-atmosphere interaction may have caused important modifications in the regional hydroclimate, interfering in the hydrological cycle and altering important precipitation characteristics. Using 16 historical time series of precipitation for the state of Rondônia collected between 1961 and 2008, Butt et al. (2011) demonstrated that current trends in the delay in rainy season onset may be as great as 0.6 days/year, and after 30 years of deforestation, the onset was estimated to be 18 days later on average than it was before deforestation. Debortoli et al. (2015) also found delayed onset of the southern Amazon rainy season in more than 88% of the 200 rain gauges analyzed in the 1971-2010 period.
In addition to pointing out changes in precipitation timing, recent studies indicate that different hydroclimatic changes may be caused by different spatial scales of deforestation. Studying the onset of the rainy season, Debortoli et al. (2016) showed that rainfall seasonality is not correlated with forest cover at the microscale (1-15 km) but significant correlations appear at the mesoscale (30-50 km) . This suggests that mesoscale atmospheric processes influenced by the land surface may have a greater influence on the onset of the rainy season.
More recently, Khanna et al. (2017) explored controls on dry-to-wet season precipitation in Rondônia in southern Amazonia, concluding that changes in land cover affect the atmospheric circulation at the mesoscale, with rainfall typically decreasing over deforested areas. Chambers and Artaxo (2017) , commenting on the results obtained by Khanna et al. (2017) , raised the hypothesis that this shift in surface roughness would modify forest-atmosphere interactions, suggesting that deforestation is sufficiently advanced to have caused a shift from a thermally driven to a dynamically driven climatic regime. Wright et al. (2017) described an important physical process for understanding how deforestation affects the southern Amazon rainy season using different remote sensing products. They showed that the interactions among land surface processes, atmospheric convection, and biomass burning can modify the timing of rainy season onset. These interactions precondition the atmosphere for regional-scale deep convection, which then leads to moisture convergence and consequently a rainy season onset two to three months before the southward displacement of the Intertropical Convergence Zone over the region. These studies, however, either considered only qualitative information on land cover or when they did consider quantitative land cover data, were fixed in time. Although this is not a problem for studies of a single season or for modeling studies, this is a significant limitation for hydroclimatic studies that analyze several rainy seasons in this region with intense land cover dynamics. A new yearly land cover and land use data set at 1-km resolution (Dias et al., 2016) now allow the exploration of explicit relationships between rainy season characteristics and deforestation extent.
Other studies have investigated the occurrence of dry spell events in several regions of Brazil and the largescale climatic variations associated with them (Assad et al., 1993; Carvalho et al., 2000; Minuzzi et al., 2005; Silva & Rao, 2002; Sleiman, 2008) . However, Erfanian et al. (2017) argued that recent dry periods in the Amazon cannot be explained only by changes in sea surface temperature, suggesting that other factors are contributing to severe drought. Here we also investigate the relationship between deforestation and dry spells in the region.
This study has two main goals. First, we revisit the relationship between rainy season onset and the scale of deforestation in southern Amazonia using the yearly land use data of Dias et al. (2016) . Second, we evaluate the relationship between the scale of deforestation and the duration of dry spells occurring during the rainy season (September to April). Both analyses provide relevant information to the local agricultural sector.
Data and Methods

Region Studied
The area studied is southern Amazonia, which ranges from 6 to 14°S latitude and from 65 to 51°W longitude and includes the state of Rondônia, southern Amazonas, northern Mato Grosso, and southwestern Pará (Figure 1 ). This region was selected because it possesses five characteristics fundamental for the study: (1) rain that is typically convective (Marengo, 1995a (Marengo, , 1995b ; (2) strong coupling between forest and climate (Fu et al., 2013) ; (3) strong rainfall seasonality, with well-defined dry and rainy seasons (Davidson et al., 2012; Marengo, 2004) ; (4) considerable albedo differences between native vegetation and deforested areas (Culf et al., 1996) ; and (5) intense deforestation in the past several decades (Dias et al., 2016) . These characteristics are expected to facilitate the detection of a relationship between deforestation and the rainy season.
Containing the major part of the arc-of-deforestation (Ferreira et al., 2005) , this region has been the center of major and rapid deforestation activities in the Brazilian Amazon since the 1970s, having areas with a large range of spatial scales of deforestation. Changes in land cover from 1970 to 2012 within the study area affected 191,319 km 2 (Dias et al., 2016) 
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The historical causes of deforestation in this region include predatory exploitation of forests for timber ) and infrastructure expansion, such as road building and urbanization Laurance et al., 2001) . Later, expansion of cropland (especially soybeans) and pastureland became major driving forces (Dias et al., 2016; Macedo et al., 2012; Morton et al., 2006) .
Land Cover Data
We used the land use database developed by Dias et al., 2016 as our main source of land cover data. This historical reconstruction provides the longest agricultural land cover and land use database currently available for this region. These data were produced from a combination of yearly remote sensing data (Hansen et al., 2013) , which provided the locations of forest cover, and agricultural census data, which provided the link between deforested areas and agricultural land use. The results were then aggregated at 30″ spatial resolution (approximately 1 × 1 km). The final data are in hectares per pixel, which for our analysis were converted into percentages of deforested land per 1-km 2 pixel.
We calculated the ratio of deforested area within different spatial scales based on the concept of buffer zones, similar to Debortoli et al. (2015) . This approach consists of using three circular buffer zones centered on the coordinates of each rain gauge station, with radii equal to 20, 25, and 30 km (Figure 2 ). Defining buffer zones of fixed sizes allowed the calculation of the deforestation fractions in each year and the calculation of correlations between specific rainy season properties and deforestation fractions at different scales.
Rainfall Data
We analyzed daily rainfall data from 112 stations across the region, covering the period from 1974 to 2012, which we obtained from the Hydrological Information System of ANA (Brazil's National Water Agency; HidroWeb, http://hidroweb.ana.gov.br/, accessed 2016, Figure 1 ). Of these time series, 60 cover more than 20 years and 15 cover more than 30 years (Appendix A and Table A1 ).
We performed quality control procedures on the rainfall data used in our analysis. For each rainfall station, we completely eliminated any years of the time series that met one or more of the following three criteria: (1) they included daily precipitation values greater than 350 mm (we considered these to be either measurement errors or rare extreme events that we eliminated from the analysis to avoid biases; Fetter et al., 2018) ; (2) they presented a sequence of equal daily rainfall values for seven or more days (e.g., exactly 10 mm every day for 9 days), indicating possible measurement errors; or (3) they included one or more missing data points between 1 September and the onset of the rainy season for that hydrological year.
Identification of Rainy Season Onset and Dry Spells
The rainy season (period of strong convective activity) in the Amazon comprises the months of November through March, and the dry period, May through September (Figueroa & Nobre, 1990; Marengo, 1995a Marengo, , 1995b . In this study, to encompass the annual transition period between the dry season and the rainy season (September and October), the period of analysis begins in September of each year and ends in April of the following year.
Several methods have been developed to identify rainy season onset dates in tropical regions (Butt et al., 2011; Liebmann et al., 2007; Liebmann & Mechoso, 2011; Marengo et al., 2001; Odekunle & Buyiro, 2003; Stern & Coe, 1982; Sugahara, 1991) . Stern and Coe (1982) defined rainy season onset as the first day on which precipitation is equal to or greater than 20 mm/day for two or three consecutive days if there is no period of seven or more days with zero precipitation in the following month. Oliveira (2000) adopted this method for estimating planting dates for rice in the Brazilian state of Minas Gerais with good agreement to observed dates. More recently, Butt et al. (2011) defined rainy season onset in the Brazilian state of Rondônia as the first day after 1 September (inclusive) when daily precipitation exceeds 20 mm.
Following Stern and Coe (1982) , we defined rainy season onset (B i,j,t , where B stands for beginning) as the first day after 1 September (inclusive) that has daily precipitation greater than 20 mm followed by at least one more rain event (daily precipitation more than 1 mm) in the subsequent 7-day period. The subscripts i, j, and t refer to latitude, longitude, and year, respectively. The dates were indexed so that 1 September becomes Day 1, 2 September is Day 2, and so on.
The definition of a dry spell (DS i,j,t ) varies among studies according to the objectives in each case (Sharma, 1996; Ceballos et al., 2004; Soares & Nóbregabrega, 2010) . In this study, we defined B i,j,t and DS i,j,t based on agricultural criteria, since our interest relates to the importance of rain for rainfed agriculture in the region. A dry spell is an event characterized by a minimum of eight consecutive days with daily precipitation less than 1 mm and starting after B i,j,t , as previously defined. This represents a drought interval potentially damaging to crops and is similar to the definition of Assad and Sano (1998) .
The DS i,j,t duration is calculated in days and is classified according to the month in which a DS i,j,t event starts. For example, if a dry spell event begins on 28 September and ends on 13 October, the starting month is September. Next, we divided the rainy season into an early rainy season (SO, including the months of September and October, postonset), a peak rainy season (NDJF, including November, December, January, and February), and a late rainy season (MA, including March and April).
Anomalies in Rainy Season Onset
There is a precipitation seasonality gradient across the Amazon, and consequently, geographical position affects rainy season temporal parameters (Butt et al., 2011; Costa & Foley, 1997; Gan et al., 2004; Marengo et al., 2001; Sombroek, 2001 ). Therefore, we based our analyses on the anomalies of the B i,j,t values (B ′ i,j,t ), removing the signal of the geographic position and the interannual variability (which reflect the effects of large-scale mechanisms) to find evidence of the deforestation signal. To calculate these anomalies, first we estimated the parameters of the linear equation that describe the best fit linear regression relationship between B i,j,t and geographic coordinates (latitude [φ] and longitude [λ] specified in degrees rather). The resulting geographical trend is explained by Equation (1),
where negative values of latitude indicate locations south of the equator, and negative values of longitude refer to locations west of the Greenwich meridian. We then calculated the onset anomalies (B ′ i,j,t ) by subtracting the geographical trend and the annual averages (mean anomaly at all stations for a specific year, equation (2)):
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Data Analysis
Initially, to demonstrate the gradient of onset of the rainy season (B i,j,t ) across the entire study area, we constructed B i,j,t maps for 1985, 1995, and 2005 . We interpolated B i,j,t data from rain gauge stations and estimated sample variograms. Next, we fitted B i,j,t with a Gaussian spherical model (Pebesma, 2004; Pebesma & Heuvelink, 2016) .
To consider the correlation between deforestation and time, separating the effects of deforestation from the mean long-term trend in B i,j,t , we performed t tests to compare the onset of the rainy season between stations without significant change in their deforestation fraction over time and stations that experienced increasing deforestation within the 25-km buffer. For this, we subsampled 20 stations spatially distributed in the region (Figure 3 ) that provided time series longer than 25 years and divided them into two groups (Table 1) .
Next, we investigated the correlation between deforestation fraction and B′ i,j,t . For each buffer circle size, we classified the deforestation fraction into eight classes: Class 1 has < 5% of its area deforested; Class 2 has between 5% and 10% deforested; and so on, through Class 8, with between 35% and 40% deforested. We averaged B′ i,j,t for each deforestation class and found that the means of onset anomalies B′ i;j;t À Á ·B′ i;j;t were normally distributed (Shapiro-Wilk test, p < 10 −9 , Shapiro & Wilk, 1965) ; thus, it was appropriate to apply a linear regression model and estimate the standard error of the mean.
To compare the effects of deforestation on the frequency of dry spells of any duration, we performed t tests against the null hypothesis that the mean duration of DS i,j,t is not significantly different between two deforestation classes (0%-20% and 20%-40%) for the 20-and 25-km buffers for three periods of the rainy season: SO, NDJF, and MA.
We assigned probabilities directly based on the B′ i,j,t and DS i,j,t elements according to the probability of occurrence in the sample space generated. For this, we constructed cumulative probability density functions Journal of Geophysical Research: Atmospheres (CDFs) of B′ i,j,t and DS i,j,t divided into two contrasting classes of deforestation (0-5% and 30-35%), which we considered to be low and high deforestation rates, respectively. The graph of the CDFs was generated as a product.
Results
The B i,j,t maps revealed a northwest-to-southeast gradient in the study area (Figures 4d-4f ), which has also been found in other studies (Costa & Foley, 1997; Sombroek, 2001; Vilar et al., 2009 ). This gradient is due to the interactions between tropical convection systems and midlatitude frontal systems leading to the appearance of the South Atlantic Convergence Zone during springtime, indicating a gradual arrival of the rainy season (from NW to SE), and corresponding to a gradual onset of the South American monsoon (Gan et al., 2004) . This result reinforces the importance of controlling for the influence of geographical position in the onset data.
Coincidentally, land use patterns have demonstrated a similar gradient (Figures 4a-4c) , with areas in the north presenting more natural forest cover, corresponding to the historical occupation of Amazonia related by previous studies Dias et al., 2016; Laurance et al., 2001; Morton et al., 2006; Nepstad et al., 2001) . Table 2 displays the average of B i,j,t in the 1970s-1980s as compared to the 1990s-2000s for two station groups and the results of the independent two-sample t test. For stations within areas with increasing deforestation fractions over the years (Group 2), B i,j,t was delayed by about 6 days, whereas for stations within areas with constant land cover (Group 1), the delay was about 2 days. The t test results indicate that for Group 2, the B i,j,t is significantly different between the 1970s-1980s and 1990s-2000s at the 98.9% confidence level. However, for Group 1 no significant difference in onset was found between the periods for the group with constant land cover. Figure 5 shows the means of rainy season onset anomalies (B _ ′ i,j,t ) in different deforestation classes after removing the effects related to geographical position and year, and it shows the corresponding values for standard error of the mean. The linear regressions for the 20-, 25-, and 30-km buffers evidence a delay in B i,j,t of 0.12-0.17 days per each 1% increase in deforestation. All the trends are significant at the 99% confidence level. Considering these coefficients, a deforestation rate of 50-60% corresponds to about a 1-week delay in the rainy season onset. The trends evidenced differences between the three buffer sizes.
Although the average of onset anomalies is representative of each deforestation class, it is also possible to calculate the probability of occurrence of B′ i,j,t using CDFs. Figure 6 shows that, for the buffers larger than 20 km, in years when the rainy season starts later, there is little difference in whether a region is heavily deforested or not; in this situation, the transition from the dry season to the rainy season is probably dominated by large-scale mechanisms (which were removed from the first part of our analysis, as described above). However, in years when the rainy season starts earlier, greater forest cover is associated with earlier B i,j,t , since it increases the sensitivity of the system to largescale mechanisms.
In addition to being able to anticipate rainy season onset dates, knowing the probability that a dry spell event (DS i,j,t ) will occur after the rainy season onset is also useful information for farmers in rainfed systems.
The t test results for DS i,j,t duration differences between the high and low deforestation classes for the periods of SO, NDJF, and MA (Table 3) indicate that for the SO and MA periods, for 25-km buffer sizes, the duration of dry spells was higher in the more deforested area at the 99% confidence level and slightly less significant for the 20-km buffer size (98% confidence level). However, for NDJF, there was no significant difference in DS i,j,t duration between the deforestation classes. Figure 7 shows the CDFs of the duration of DS events lasting 8 days or longer, for 20-and 25-km buffer sizes, in two deforestation classes. For all the buffers analyzed, the probability of occurrence (an estimate of how often a DS of equal duration occurs) of longer DS events is higher in the areas that have experienced greater deforestation (of 30-35%, by area) than in the less deforested areas (0-5% deforested), regardless of the event's duration. We also observe a more evident contrast between the deforestation curves (0-5% and 30-35%) in SO and MA (early and late rainy season) as compared to NDJF (peak of the rainy season). The more evident differences during the early and late periods emphasize when deforestation appears to make a difference. 
Journal of Geophysical Research: Atmospheres
In SO, for the 25-km buffer, the probability of occurrence of a dry spell of ≥ 15 days in a region 0-5% deforested is about 23%, and this risk increases to about 55% in areas with deforestation between 30 and 35% (Figure 7b ). For the same buffer size, in MA, increased deforestation also increases the probability of occurrence of a dry spell of the same duration (≥ 15 days). In areas with low deforestation, this probability is null, whereas in areas with high deforestation, the probability is 17% (Figure 7f ).
Even if the CDFs for the peak wet season are not much different between the deforestation classes, the more evident differences during the early and late periods emphasize that during SO and MA, deforestation appears to have made a difference.
Discussion
Although methodological differences do not allow for direct quantitative comparison with some studies, the trend toward delayed onset of the rainy season as suggested by our linear regressions can also be found elsewhere in the literature (Butt et al., 2011; Costa & Pires, 2010; Debortoli et al., 2015; Debortoli et al., 2016) . Butt et al. (2011) used a definition of onset very similar to the one used in this study, but they did not quantitatively analyze the effect of deforestation. They found delays of as much as 0.6 days/year in the state of Rondônia; this equates to 18 days over the 30 years of their analysis, during which about 22% of the state was deforested. It is possible that the reason the rainy season onset delay identified in our study is smaller than their result is because we controlled for most of the effects associated with trends in large-scale hydroclimate mechanisms, leaving only the deforestation effect. Of the 38 stations in our study with more than 25 years of data, 65% have exhibited delayed rainy season onset. Similarly, Debortoli et al. (2015) reported onset delay in 63% of the time series analyzed for the southern Amazon. The increase in deforestation impact with increased buffer size may be associated with different sizes of convective cells affecting deep cloud development over the buffers studied. The rain gauge data, however, are not sufficient for more solid conclusions on this matter, and high-resolution radar data would be required. Operational meteorological radars are unfortunately not available in this region.
In southern Amazonia, regional high humidity originating in the rain forest provides latent heat fluxes that promote convection. Deforestation affects energy partitioning, decreasing the latent heat flux and causing a drier-than-usual atmosphere, thus delaying the onset of the rainy season (Schubert et al., Note. NDJF = November, December, January, and February; SO = September and October; MA = March and April.
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Journal of Geophysical Research: Atmospheres 2004). These results are also consistent with the shallow convection moisture pump mechanism proposed by Wright et al. (2017) . At the scale of the buffers studied (mesoscale), complete or partial clearance of forest affects transpiration and weakens the conditions that promote surface convection, moistening, and destabilizing the atmosphere, until finally causing a delay in the onset of the rainy season.
In some cases, especially in drought years, delays of these magnitudes in rainy season onset could jeopardize double-cropping systems as deforestation at these levels spreads (Abrahão & Costa, 2018; Spangler et al., 2017) . For double-cropping systems (here typically soybean followed by corn) to be viable, farmers need to ensure that the soybeans are harvested in time for the second crop to mature while climatic conditions are still favorable. Delays in rainy season onset may lead to a reduction of areas and years where doublecropping systems will be feasible with low climate risk.
In addition, the higher probability of longer DS events in areas that are more heavily deforested may lead to water deficit and have consequent negative effects on agricultural production, depending on the cultivar and its stage of development. This relationship between DS events and agricultural problems has already been widely investigated (Carvalho et al., 2000; Barron et al., 2003; Silva & Rao, 2002; Soares & E Nóbrega, 2010; Adekalu et al., 2009; Barron & Okwach, 2005; Fox & Rockström, 2003; Hernandez et al., 2003; McHugh et al., 2007) .
Water deficit has a direct effect on final crop production, which depends on the crop and its stage of development (Doorenbos & Kassam, 1979) . This has been demonstrated in studies such as Espinoza et al. (1980) , which showed reductions of up to 60% in maize yield when dry spells occurred between the flowering stage and the grain-filling stage, and Espinoza et al. (1982) , which found yields for irrigated soybean higher by 24% to 55% compared to crops experiencing water deficiency.
Occurrence of longer DS events (more likely to occur in more deforested areas) during the period of crop growth is a serious risk to agricultural production, since, as plants develop, the need for water increases and reaches maximum demand during flowering and grain-filling stages, after which the need decreases. Many consecutive dry days could exacerbate soil moisture deficits, interrupting consistent resupply of soil moisture to crops, affecting the amount of water available to the plants, and reducing agricultural yields (Doorenbos & Kassam, 1979) .
In particular, we find that differences in dry spell CDFs between the two deforestation classes are only significant in SO, when the rainy season typically begins, and MA, when the rainy season typically ends. These results may be sensitive to the definition of rainy season onset used. Short-lived rain events caused by the passage of cold fronts or other synoptic-scale systems may confound the identification of the rainy season onset. Similarly, the differences in MA might imply earlier, more abrupt end of the rainy season over deforested regions.
This analysis has direct applications to agricultural planning and decision making. In terms of risk to agriculture due to weather conditions, if farmers choose to plant a single crop based on the presented results, they will benefit from waiting for a more secure scenario to start sowing the crop. The secure scenario is one that minimizes the probability of being affected by either delay in the onset of the rainy season or occurrence of extreme weather phenomena, such as dry spells of higher durations. A good choice of sowing season tries to match the needs of the crop during all of its developmental stages with times when favorable climatic conditions are most likely. In the case of soybeans, the sowing time should coincide with the period of the year when the water stored in the soil is most likely to be found in sufficient quantity for seed germination and seedling emergence, and therefore the establishment of the field crop; this sowing window may happen earlier in less deforested sites. These inferences are generic for the region; for farms that are located farther north in the study region, the rainy season is expected to start a few days sooner than in the southernmost part of the region.
Conclusions
This research disentangles the complicated relationship between deforestation and precipitation in southern Amazonia. By removing regional trends and interannual variability, our results demonstrate that increased deforestation contributes to delayed onset of the rainy season. For all scales analyzed, correlation analysis shows increasingly delayed rainy season onset through time as deforestation progresses. Analysis of cumulative probability density functions for rainy season onset indicates that in years that the rainy season starts earlier, the absence of forest cover delays the onset of the rainy season. In addition, a higher percentage of deforestation is also associated with a higher frequency of long dry spell events during the early and late rainy season as compared to minimally deforested regions. Land use changes happening in the study area may be imposing strong physical changes that affect the amount of potential energy available for moist convection. These changes are due to latent heat and albedo alteration occurring in response to surface changes and have, in turn, been influencing rainy season duration (Dubreuil et al., 2012; Fu et al., 1999 Fu et al., , 2013 .
The increased deforestation also increases climate-related risks to agriculture in southern Amazonia. Specifically, considering the double-cropping system practiced in the region, a delay in the onset of the rainy season may limit the feasibility of growing two successive crops. It is also important for the selection of cultivars to be planted by farmers in rainfed systems, since cultivars characterized by a long juvenile period and cultivars of medium and late maturation poorly tolerate late sowing due to delayed onset of the rainy season or longer dry spell events-events that we have demonstrated are more likely to occur in areas of greater deforestation. In addition to providing information to support crop management and planning, such information is also a tool with great potential for analysis by the insurance market, and it may also be important for the development of regional policies on deforestation controls.
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